The development of a simple method for the isolation of purified carboxysomes from the cyanobacterium Synechococcus PCC7942 has made it possible to identify a specific and inducible, intracellular carbonic anhydrase (CA) 
role of carboxysomes in the C02-concentrating mechanism in cyanobacteria and the role that carboxysomal CA activity appears to play in this process.
Cyanobacteria, like a number of aquatic phototrophs, possess a CCM2 that functions to elevate the CO2 level around the primary CO2 fixing enzyme, Rubisco (2) 2Abbreviations: CCM, C02-concentrating mechanism; CA, carbonic anhydrase; Ci, dissolved inorganic carbon; BTP, 1,3-bis[tris-(hydroxymethly)-methylamino]-propane; Epps, N-(2-hydroxyethyl)-piperazine-N'-3-propanesulfonic acid; EZ, ethoxyzolamide; 150, inhibitor concentration required for half-maximal inhibition; TX-100, Triton X-100; TP pellet, Percoll/TX-100 carboxysome pellet; CAcbx, carboxysomal CA. for C02, conferring on the cell an increase in photosynthetic performance. The two major components of the CCM so far identified are the C1 transport system and the Rubisco-containing carboxysomes. The transport system comprises a constitutively expressed, active transporter for the C1 species C02 and HC03-, allowing C1 to be accumulated inside the cell as HC03- (18, 20, 28) . Carboxysomes are small polyhedral bodies that are bounded by a thin protein shell (7) and that contain the majority of the cell's Rubisco activity. Carboxysomes appear to act as microcompartments where the conversion of HC03-to C02 is catalyzed by a low level of carbonic anhydrase (18, 23, 24) . Some property of the carboxysome, possibly the protein shell around the structure, acts to impede the leakage of C02 away from the site of carboxylation, allowing elevated C02 levels to be maintained around Rubisco (18, 19) .
Through the controlled expression of human CA in the cytosol of Synechococcus PCC7942, it has been possible to show that Ci species in the cytosol are in slow equilibrium and that HC03-is the species delivered inside the cell by the C1 pump (18) . Consequently, and through the use of various theoretical models (23, 24) and the analysis of various high C02-requiring mutants (19) , it has become apparent that CA activity must be specifically located in the carboxysome to catalyze the generation of C02 for carboxylation (see ref. 20) . However, apart from the observation that carboxysome-containing fractions purified from sucrose density gradients possess detectable CA activity (4) , there has been no direct, unequivocal evidence for the specific location of CA activity with carboxysomes.
This article deals with a reappraisal of the properties of intracellular carbonic anhydrase in the cyanobacterium Synechococcus PCC7942. This was prompted by the discovery that reduced DTT, a common antioxidant used in enzyme extraction buffers, causes inactivation of CACb,. Much of the previous work on intracellular CA (4) had, therefore, seriously underestimated its properties and specific activity. In this article, we have developed a new method for isolating carboxysomes and we show that a specific and major proportion of the cell's intracellular CA is located with the carboxysome fraction. We also report on the properties of this CA<bx and show that one of our previously isolated high C02-requiring mutants, Type II (19) , has markedly reduced levels of CAcbx.
MATERIALS AND METHODS

Growth of Cyanobacteria
Synechococcus PCC7942 (also known as Anacystis nidulans R2) was grown in BG1 1 media (25) buffered to pH 8 with 10 mM BTP-HCl and gassed with 2% CO2 in air, air levels of CO2 (i.e. approximately 350 ppm), or air with CO2 reduced to 20 ppm (16) . Most cultures were grown in 100-mL test tubes that were vigorously sparged with air/CO2 mixtures (3) . Accasionally, as indicated in the text, some air-grown cultures were grown in flattened, 1-L bottles (Roux bottles) which, owing to inefficient sparging, produced C1 growth conditions well below normal air equilibrium. Cultures were grown at 300C and at a photon density of 60 Amol m-2 s-. Chl content was determined by the method of Wintermanns and de Mots (29) .
Isolation of Carboxysomes
Cells were collected by centrifugation at 4000g (room temperature) and resuspended in 10 to 20 mL of lysozyme buffer containing 0.6 M sucrose and 20 mm Tes-NaOH (pH 7.5). The cells were repelleted and then resuspended in 10 mL of lysozyme buffer containing egg lysozyme (2 mg-mL-1) and incubated for 2 h at 350C in darkness and with occasional agitation. Following digestion, the cells were pelleted (4000g), washed in lysozyme buffer, and repelleted. The cells were then resuspended into a breaking buffer containing 20 mi Tes-NaOH, pH 7.0, 5 mm EDTA, and 1 mm PMSF at a Chl concentration of 0.4 to 0.6 mg.mL-P. Cell breakage was performed by French press treatment, as previously described (4). The crude extract was centrifuged at 12,000g (40C; SS34 rotor) for 10 min to remove unbroken cells and other cell debris. The spun crude extract was then diluted with 3 volumes of lx EM buffer (40 mm Epps-NaOH, pH 8.0, and 27 mm MgSO4) containing 20% (v/v) Percoll (Pharmacia, Sweden) and 0.133% Triton X-100 detergent, mixed and incubated on ice for 10 min. During this period, carboxysomes undergo a Mg2+-dependent aggregation with Percoll beads.
After centrifugation at 12,000g (40C; SS34 rotor) for 15 min, the pellet was resuspended in 5 mL of 0.75X EM buffer containing 1% Triton X-100 and then repelleted with a 10-min spin (12,000g, SS34). The pellet was then washed and repelleted twice more in 1 to 2 mL of 0.75x EM buffer, employing 5-min spins in an Eppendorf microfuge (10,OOOg; 40C). The final TP pellet was usually resuspended in 0.5 mL of 0.75x EM buffer and kept on ice.
Carboxysomes were used, as required, for CA and Rubisco assays or prepared for SDS-gel electrophoresis. In an attempt to fractionate the carboxysomes further, TP pellet samples were resuspended in a small volume of 10 mi EDTA in 40 mM Epps-NaOH (pH 8.0), vortexed briefly, and centrifuged for 5 min in a microfuge at 40C and 10,000g. The supernatant was removed and MgSO4 added to a final concentration of 30 mm. The solution was then centrifuged at 10,000g for 5 min at 40C and the resulting pellet (EDTA-washed carboxysome preparation) was prepared for gel electrophoresis (see below).
Carboxysomes were prepared for EM by fixing and embedding small carboxysome pellets according to the general protocol detailed by Price and Badger (19) .
CA and Rubisco Assays CA activity was determined by a mass spectrometric technique that measures the rate of exchange of 180 label from doubly labeled '3C"802 to H2160. Experimental particulars were as previously described (4) except that the assay buffer was 100 mM Epps-NaOH, pH 8.0, and usually contained 20 mM MgSO4 and 1 mm NaHW3C1803. In this assay system, 1 unit is equivalent to a 100% stimulation in the first-order rate constant. CA activity, as unit-mg-' Chl, was calculated as unit change in the cuvette assay multiplied by the extract dilution factor in the cuvette (to give unit mL-1 extract) and then divided by mg Chl * mL-1 extract.
Rubisco assays were performed as previously described (19) , except that the assay buffer contained 20 mM MgSO4 rather than 10 mM MgSO4.
SDS-PAGE
Carboxysomal protein samples were analyzed by SDS-gel electrophoresis (7-15% polyacrylamide linear gradient gel) as previously described (8) .
RESULTS
Properties of Isolated Carboxysomes
Initial development of a technique for isolation of carboxysomes involved assays for the partitioning of Rubisco activity into various pelletable fractions. Eventually the protocol detailed in the 'Materials and Methods' section was adapted from these procedures. Typically, this produced material of a pale yellow color and with a milky appearance due to the presence of aggregated Percoll beads. TP pellets, when resuspended, normally contained Rubisco activity of 10 to 20 nmol-min-' AL-', with total recovery of Rubisco activity being 70 to 80% of the activity in crude extracts. The protocol is based on the observation that carboxysomes aggregate with thylakoid membranes in the presence of Mg2+, allowing them to be pelleted by centrifugation (4) . For some poorly understood reason, Percoll beads also aggregate with carboxysomes in the presence of Mg2+; the presence of 0.1 % TX-100 causes thylakoid membranes to be partially solubilized and therefore left behind in the supernatant after centrifugation. The initial use of a higher TX-100 concentration (1.0%) produces a Percoll/carboxysome pellet of slightly higher purity except that total recovery of carboxysomes is significantly reduced (results not shown). An electron micrograph of a typical carboxysome preparation (TP pellet) is shown in Figure 1 . The carboxysomes can be clearly discerned with the small electron-translucent Percoll beads adhering to the coat. Occasional cell wall/membrane fragments can be seen in these preparations and are probably responsible for giving the carboxysome preparations a pale yellow coloring.
Initial CA activity measurements with carboxysome preparations indicated that any associated CA activity was close to the level of detection. It was discovered, however, that a specific proportion of the CA activity in crude extracts was i00 nm MgCl2 (results not shown). The nature of the divalent interaction is not known, but since Mg2' and Ca2+ share some chemical similarity and have similar stimulatory effects, the interaction may be moderately specific. More extensive studies with divalent cations have yet to be performed. Clearly, of the salts tested, MgSO4 gave the highest stimulation of CA activity, and accordingly, subsequent CA assays were done in the presence of 20 mM MgSO4. In the absence of Mg2+, carboxysome preparations had around 25% of maximum activity (Fig. 3) . A significant proportion of this activity appears to correlate with the residual activity that was unaffected by DTT. Also of note is the observation that during CA assays in the presence of 20 mM MgSO4, activity in carboxysome preparations took up to 5 min to reach a steady maximum rate. This slow activation appears to be a property of the enzyme and may have been due to the fact that for these experiments, carboxysomes were initially suspended in a Tes-EDTA buffer containing no Mg2".
The CA activity associated with carboxysomes was found to be very sensitive to the CA inhibitor EZ, with 80% of total activity being inhibited by the addition of 30 jAM EZ (Fig. 4) . A residual activity of around 15% remained even in the presence of 600 ,M EZ. Since the residual activity was insensitive to EZ and DTT and did not require Mg2", it seems likely that this activity may be nonenzymic in nature. Even when carboxysome preparations were heated at 950C for 5 min, a residual activity was still evident (results not shown). If the residual activity is subtracted from the data in Figure 4 , it is possible to calculate that the concentration of EZ necessary to inhibit 50% of CAcbx activity (I5o) is approximately 4 jiM.
As a diagnostic test for the proportion of EZ-sensitive CA activity in crude extracts, an EZ concentration of 30 FM was used (see below). From here on, we refer to this EZ-sensitive CA activity as 'low I50 CA activity.
The effect of Ci concentration (as "8O-labeled "3Ci) on the measured level of CA activity in carboxysome preparations is depicted in Figure 5 . These data indicate that CA activity is close to saturation at 1 mm Ci. Thus, measurements made at this level of Ci should be a good estimate of CACbX activity in vivo, where the cytosolic Ci concentration may exceed 20 mm. Subsequent measurements were made at 1 mm Ci.
Extracts from cells grown at high Ci (2% C02) and low Ci (air-sparged Roux bottles) displayed two types of CA activity (Fig. 6) . Around 60 to 70% of the total CA activity was inhibited by 30 ltM EZ. This low '5o CA activity would appear to be that which is associated with purified carboxysomes (Fig. 4) . A second component of the CA activity in crude extracts was inhibited by 200 to 300 ZlM EZ, with an approximate I50 of 150 to 160 AM (Fig. 6 ). This 'high I5o' CA activity remains active in the presence of DTT, and would appear to be the same as the intracellular CA activity that has been previously characterized in crude extracts and purified fractions from Synechococcus PCC7942 (4). Previously, this CA activity was characterized as having an I50, for EZ, of 50 to 100 AM (4) , but this now appears to be an underestimate due to the presence of some low I50 CA activity that had escaped DTT inactivation. The relative proportion of high 150 CA activity in crude extracts from low Ci cells was slightly higher than in high C1 cell extracts (Fig. 6 ). This appears to be related induction of cultures at 20 ppm CO2 appeared to be ineffeccatalytic conversion by a factor of 32,000 and 149,000 times, tive for the induction of CA activity, often leading to levels respectively (Table II) . lower than for high Ci cells. Although we commonly use an It is also apparent from the data in Table II 
Protein Composition of Carboxysome Preparations
Proteins obtained from TP pellets and from EDTA-washed carboxysome preparations isolated from cells grown at high CO2 and 20 ppm CO2 in air were analyzed by SDS-gel electrophoresis (Fig. 7) . Apart from the prominent protein bands for the large (52 kD) and small (13 kD) subunits of Rubisco, a large number of other proteins are present in the crude TP carboxysomal preparations (Fig. 7, lanes A and B) . Although bands in the 12-to 18-kD region are difficult to resolve because of the abundance of the Rubisco small subunit and lysozyme used in the preparation of the extracts, a number of other major proteins are typically discernible. No significant differences in the protein profiles were observed between carboxysome preparations isolated from cells grown at high or low CO2 concentrations. Although CA activity levels are higher in cells grown at low levels of CO2, it is probable that the differences in activity generated by the growth conditions are too small to be easily resolved at the protein level. Treatment of the TP pellets with EDTA followed by reprecipitation with excess MgSO4 significantly reduced the number of proteins in these preparations (Fig. 7,  lanes C and D) . This may be the result of lysis of the carboxysome and the subsequent release of Rubisco and other soluble proteins. Polypetides precipitated by the addition of MgSO4 may therefore be enriched in carboxysome shell components.
Recently, Fukuzawa et al. (9) have identified an open reading frame, icfA, from Synechococcus PCC7942 that codes for a protein with a predicted size of 30.2 kD that shares 22% homology to spinach chloroplast CA. More recent evidence indicates that icfA codes for CAcbx (30) . It is interesting to note that an approximately 30-kD protein is always seen in intact carboxysome preparations (Fig. 7) D) were separated by SDS-PAGE (7-15% linear gradient) and stained for protein with Coomassie brilliant blue. The positions of the molecular mass markers, large subunit and small subunit of Rubisco (*), and lysozyme (4) are indicated.
DISCUSSION
The development of a simple method for the isolation of purified carboxysomes from Synechococcus PCC7942 has made it possible to identify a specific and inducible intracellular CA activity that is associated with carboxysomes. This was shown, in part, through enzyme recovery experiments ( Table I ) that indicated that a clear majority of an EZ-sensitive (I5o = 4 gm) CA activity copurifies with the majority of the cell's Rubisco activity as a purified pelletable fraction (i.e. TP pellet). Through EM, this pelletable fraction can be shown to contain intact carboxysomes (Fig. 1) . The specific location of this CAb. activity is further reinforced by the finding that one of our previously isolated high O2-requiring mutants, Type II/No. 68 (19) , has very little low I50 CA activity associated with purified carboxysomes or with crude extracts (Table II) . Other physiological evidence suggests that this mutant has reduced CAcbx (19; see below) . From the available evidence, it would now seem reasonable to designate low I5o CA activity as a form that is specifically located inside (or on the shell) of the carboxysome.
Two theoretical models (23, 24) and one experimental approach (18) would need to be specifically associated within carboxysomes to function in the localized elevation of CO2 levels around Rubisco. The models assumed that the carboxysomes would need sufficient CA activity to speed the conversion of HCO3-to CO2 within the carboxysome volume and that a factor of as little as 10-to 100-fold increase would satisfactorily describe known rates of photosynthesis (24) . This type of modeling also indicates that CA,bx activity of 100,000-fold or greater would not lead to a deleterious leak rate for CO2 (M.R. Badger and G.D. Price, unpublished data). The CA activity reported in the present article would be sufficient to speed the conversion of HC03-to CO2 in the carboxysome volume by around 32,000-fold in high Ci cells and around 150,000-fold in low Ci cells, assuming that this CA activity is partitioned within the interior of the carboxysome (Table   II ). It is not yet possible, however, to say if CAcb. activity is located inside the carboxysome or is attached or integrated into the protein coat.
CAcbx activity has at least three notable properties: (a) The enzyme is easily inactivated by DTT (Fig. 2) . Many CA enzymes from other sources require thiol reagents for maximal activity. For example, the periplasmic CA from Chlamydomonas, although being inactivated by high concentrations of DTT, actually displays maximal activity with 0.1 mm DTT present (11) . CACbx differs in that a 45-min incubation (on ice) with as little as 0.1 mm DTT inactivates most of the enzyme's activity (Fig. 2) . The significance of this property is enigmatic because in the light, in vivo, the enzyme would be expected to be active in a generally reducing environment. The carboxysome interior, however, may have properties that differ from the general cytosol.
(b) CAcbx requires 20 miM Mg2+ (as MgSO4) for near maximal activity (Fig. 3) (22) , that CA and Rubisco would be regulated such that both would display a concomitant increase in activity with increasing Mg2+ concentration.
Although posing significant technical problems, it may now be necessary to determine if free cytosolic Mg2+ levels do, in fact, increase in cyanobacteria in the light.
(c) CAcbx is relatively sensitive to the CA inhibitor EZ. With an I50 of around 4 $M (Fig. 4) , it is similar to chloroplast CAs from higher plants (12) , but not as sensitive to EZ as the periplasmic CA from Chlamydomonas, which has an Iso of 6 nm (see ref. 11), or animal CAs, e.g. human CA II, which has an 15o of 2 nm (26) . The sensitivity of CAcbx to EZ (Table II) and the fact that a lesion in CAcbx appears to produce a high C02-requiring phenotype (19) Fig. 6 ). This is consistent with both CA activities being components of the CCM. CA,bx would be an essential part of a functional carboxysome and may be required at relatively higher levels in low C1 cells. This is indicated by the fact that the CA to Rubisco ratio increases over 4-fold in low Ci cells (Table II) and further indicates that the relative expression of Rubisco and CAcbx can be altered under low Ci conditions. However, a more thorough analysis of CAcbx induction, both at the transcript and enzyme level, still needs to be performed before the significance of elevated levels of CAcbx in low Ci-adapted cells can be assessed. High I50 CA activity, from its insensitivity to DTT and its I50 for EZ of around 150 to 160 gM, is clearly the same as the intracellular CA activity previously identified (4) . The function of this CA activity is not known, but since its EZ sensitivity is similar to that of the C1 pump (16, 17) and the activity is pelletable under conditions that aggregate membranes (4), it would be reasonable to suggest that this activity is associated with the Ci pump. It has been proposed that the Ci pump has a CA-like reaction associated with the transport step such that the preferred substrate, CO2, can be delivered to the cytosol as HCO3- (17, 18, 28) . Clearly, if this is the case, then high I50 CA activity would be expected to be induced under the same conditions that lead to induction of the Ci pump, i.e. low Ci conditions. We are currently developing new membrane isolation procedures to test if EZ-insensitive CA activity is associated with the plasma membrane.
SDS-PAGE analysis of proteins found in TP pellets clearly shows the enrichment in the Rubisco level that is achieved by the Percoll-Mg2" precipitation method (Fig. 7) . Although it is difficult to evaluate how many of the other polypeptides are components of the cyanobacterial carboxysome, comparison with proteinaceous components from Thiobacillus neapolitanus carboxysomes (6, 10) reveals some similarities. In this prokaryote, proteins (excluding Rubisco) of 120, 85 to 89, 72, 67, 36, 32, 15, and 10 kD in size were found to be associated with purified carboxysomes. Most of these bands are also found in the protein profiles of the TP pellet and the EDTA-washed pellet of Synechococcus carboxysomes (Fig. 7) . Lysis of the Thiobacillus carboxysome and release of Rubisco into the supematant fraction has allowed the identification of a 54-kD glycoprotein that is not a Rubisco large subunit, but is thought to be a component of the carboxysome shell (10). It is not yet known if a similar band observed in the cyanobacterial EDTA-washed pellet (Fig. 7) is also a shell protein or whether it is simply a reduced amount of Rubisco large subunit. This question can be resolved by immunological characterization. In addition to the studies on Thiobacillus carboxysomes, an earlier study of the protein components of a carboxysomes from the cyanobacterium Chlorogloeopsis fritschii (13) (Table II) . In fact, it is possible to calculate that there is sufficient CAcbx to speed the conversion of HC03-to C02 by a factor of 240 times, assuming that this activity is all partitioned within the carboxysome volume. If a reduction in CACbx activity from 30,000 to 240 times the uncatalyzed rate is sufficient to produce a high C02-requiring phenotype, then, clearly, quantitative aspects of present carboxysome models will require further refinement. This will be necessary because current carboxysome models indicate that a catalysis factor of as low as 10 to 100 times the uncatalyzed rate would produce a functional carboxysome (24) . Notwithstanding, the low level of CA activity present in this mutant may be sufficient to explain at least some of the relatively high 18Q exchange in the light. Alternatively, the Ci pump may efficiently recycle any C02 that leaks from a Type II mutant (19) .
If this is the case, then the Ci pump, due to its ability to hydrate C02, might function to exchange 180 label out of doubly labeled C02.
Recent evidence indicates that the gene for CAcbx has now been identified (9, 30) . Because this DNA region complements Type II mutants (30) , it is now reasonable to designate the Type II mutant phenotype as a lesion in the CAcbx gene. It is probable, however, that the lesion in the Type II mutants (and C3P-0) may still allow a full-length CA protein to be expressed, albeit one that is partially inactive. This would be consistent with finding that the mutant No. 68 has a low level of CA,b. activity (Table II) and with the fact that this mutant will grow normally at 3% C02 in liquid (19) . A mutant with a complete lesion in CAcbx would be expected to require around 10% C02, mainly as a result of the perceived need for direct diffusion of C02 through the diffusion barrier associated with the carboxysome (5) .
Despite the overwhelming evidence that carboxysomes are an essential part of the CCM in cyanobacteria, it has still not been possible to demonstrate, even with more highly purified carboxysomes that retain CAcbx activity, any differences in the in vitro kinetics of Rubisco, which would be consistent with the role of carboxysomes in the CCM (G.D. Price and M.K. Morell, unpublished data). However, the necessary conditions for demonstrating carboxysome function in vitro may still need defining. For example, it is possible that carboxysomes possess a very specific organization of Rubisco and CA (23) that is easily perturbed during isolation. Also, it is known that Ci species in the cytosol are maintained at a steady-state disequilibrium with a probable CO2 to HC03-ratio of less than 0.001 (5, 18) . It is not possible, in vitro and at physiological pH, to replicate a steady state with such a low C02 to HC03-ratio, meaning that direct diffusion of CO2 into the carboxysome will tend to confound the kinetics of carboxysomal Rubisco.
